This paper presents a numerical model suitable for a broad range of surface flow problems such as overland flow, wetting and drying processes, varying flow conditions and shock waves. It is based on solution of two-dimensional fully dynamic shallow water equations using a cell-centred finite-volume method. Numerical fluxes are computed with a Harten, Lax and van Leer approximate Riemann solver with a contact wave restored. The scheme is second-order accurate in space, and a total variation diminishing method is used to avoid spurious oscillations in the solution. For extending the model to rainfall-runoff applications, infiltration is considered as a constant runoff coefficient and by 
The improvements of the exploration of high-resolution topography data also allow using these sophisticated SWE models for simulating overland flow. 
GOVERNING EQUATIONS
The physics of most of the relevant processes are expressed by the so-called transport equations that describe the transport of a characteristic variable, e.g. mass, momentum or heat.
Although the equations are used for quite different processes, the solution methods are similar. In our work, we took advantage of this fact and developed a software framework that provides general methods to solve problems based on transport equations. The goal is to obtain a flexible framework that provides the possibility to easily implement new processes and to test different numerical methods. The general form of the two-dimensional conservation law can be expressed as:
In the following sections, various processes can be regarded in the general form by defining a specific set of the vectors q, f and s.
Shallow water flow
Using the general conservation law (Equation (1)), the twodimensional SWEs are written with the vectors: 
wherex and ŷare the unit vectors of the cartesian coordinate system given asx ¼ (1, 0) and ŷ¼ (0, 1).
The bed friction term can be written as:
where C can be either a constant value as in the original Chézy law or it can be a function to express, for example, Using the first approach, the conservation of the specific soil water volume can be expressed as:
where the infiltration rate i will be computed by the GreenAmpt model.
Shallow water transport
The transport of a component in shallow water flows can be expressed as:
As in Equation (2), m is a source/sink term that could be, for example, a reaction process. When simulating multiple-component transport, conservation laws for each component must be formulated.
NUMERICAL METHODS
In this section, the most important details on the numerical methods used in the presented model are described. For further insights, we will refer to other literature.
Time updating
In HMS, the general form of the conservation law (Equation (1)) is discretised with the cell-centred finite-volume method.
To update the conserved variables q in Equation (1) to the new time level, the explicit forward Euler method is chosen:
The time step is determined by the Courant-FriedrichsLewy (CFL) criterion to achieve stable results.
Shallow water flow
Interface flux calculation
To calculate the numerical fluxes of mass and momentum (Equation (2)) at the considered face, the HLLC (Toro et al. ) is used, and the flux f n k Á n k in Equation (6) can be expressed as:
where L and R denote the left and right Riemann states, respectively. In this work, the left cell is always the one under consideration. For the first-order scheme, the Rie- 
Hydrostatic reconstruction
The hydrostatic reconstruction is an efficient and robust approach to preserve non-negative water depths and a well-balanced state in a flow field on varying bottom topography including wet-dry interfaces (Audusse et al. ;
Audusse & Bristeau ). The water depth and bottom elevation are modified prior to the Riemann solution (Hou et al. ) . The bed elevation at the interface k is computed as:
Then, the lower value between the bed elevation at k and the water elevation on the left-hand side is chosen as the new bed elevation at face k:
Finally, the water depths are reconstructed by:
In overland flow applications, the water depth can be smaller than the variation of the bottom topography, e.g. on inclined terrain (Figure 1(a) ). A first-order hydrostatic reconstruction scheme will reduce this problem to piecewise flux computations between wet and artificial dry cells (Figure 1 (b)) and, as a consequence, a wrong flow field and hydrograph will be computed (Berthon & Foucher ) . This failure can be corrected by a second-order scheme. The sketched flow situation will be discretised as a continuous flow problem (Figure 1(c) ), and so it is possible to compute flow of thin water on course grids with steep bottom gradients.
Slope source term treatment
To simplify the solution on arbitrary meshes, the bottom slope source term of a cell (Equation (2)) is transformed into fluxes through its faces (Hou et al. ) . The volume integral of the bottom slope source term s b can be expressed as the sum of the bottom slope fluxes:
where the bottom slope flux f bk is equal to:
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Friction source term treatment
As a consequence of the very small water depths, the bottom friction has a notable influence in overland flow applications. To avoid numerical instabilities, a fully implicit discretisation is used for the friction source term. This is achieved by using a splitting point-implicit method (1) and (2)) in the point-implicit method gives: 
where Δq ¼ q nþ1 À q n . Following the procedure given by
Bussing & Murman (), substituting Equation (14) into Equation (13) yields:
which can be rewritten as:
where the matrix PI is equal to:
Herein, I is the identity matrix and @s f =@q ð Þ n ¼ J f is the Jacobian matrix of the friction source term. During the simulation, the friction and source terms are computed on the old time level, and are then divided by PI to get the final solution:
Runoff generation model
The soil water volume conservation Equation (4) is also solved using the finite-volume method (Equation (6)). As the flux term is equal to zero, it is just necessary to solve the source term that contains the infiltration rate:
where the cumulative infiltration of the new time step, I nþ1 , is computed by solving the Green-Ampt equation iteratively (Fiedler & Ramirez ) . Before updating the soil water volume, it is limited to the maximum water volume that is available for infiltration. In addition, a residual rate is computed as an input for the shallow water flow model (Equation (2)) as:
where m < 0 if the rainfall intensity exceeds the infiltration rate and water is ponding at the surface, and m > 0 if the infiltration rate is higher than the rainfall intensity. The model describes so-called infiltration excess or Hortonion runoff (Weill et al. ) .
Shallow water transport
The solution of the transport Equation (5) Table 2 . The results show a very good agreement of the second-order scheme with the analytical solution. For the first-order scheme, the results for the ascending and descending phase are poor, and strong detention can be recognised.
As mentioned previously, this can be explained by the very small water depth in the catchment, which is below the variation of the bottom topography in a cell.
Surface runoff experiment
This example is about a rainfall simulation experiment that was carried out in Thies, Senegal, and was presented by () was implemented. Using this approach, the Chézy coefficient in Equation (3) is expressed as:
where n 0 is the minimum land surface-dependent Manning roughness corresponding to flow depth d 0 , beyond which n is assumed to be constant, and ε is a coefficient related to vegetation drag (Jain et al. ) . Figure 7 shows the water depth and flow velocity at steady state and the locations of the measurements. In Figure 8 , the simulated and measured flow velocities are
compared. An overall good agreement can be seen. In the second part, an instationary simulation for the entire hydrograph was carried out. During the experiment, the rainfall intensity and the total discharge were recorded. For the simulation, a rainfall time series with a duration of 5,100 s was used as input. The parameters of the Green-Ampt model were approximated by the soil type and calibrated from the steady-state infiltration and the total discharge. In Figure 9 , the simulated infiltration intensity is compared with the observed intensity, which was obtained by calculating the difference between measured rain intensity and total runoff. A qualitative agreement can be recognised.
The relative error according to Equation (21) for the infiltration intensity is 17.6%. Figure 10 shows a comparison of the measured and simulated total discharge at the outlet of the domain. The overall trend is reproduced quite well, with a relative error of 13.7%. However, the measured discharge at the beginning of the event is not captured. Possible explanations are surface coating effects, which are not captured by the Green-Ampt and a storage-discharge relation:
where S t ð Þ is the storage at time t, I t ð Þ is the inflow and Q t ð Þ To summarise, the model is robust and accurate in simulating a broad range of complex shallow water flow problems including overland flow with wetting and drying over complex topography.
